Abstract: Traditional high-precision long-distance time-frequency transmission requires a complex compensation structure and a continuous optical link, which make high-precision transmission difficult. In this study, we use two counter-propagating optical frequency combs to realize high-precision two-way time-frequency transfer over a 20-km fiber link. The transmission distance transmitted in this experiment is also farther greater than the current free-space transmission distances transmitted over free space. The two optical frequency combs are locked to the same radio frequency reference source. The method makes measurements more flexible and reduces interference. To suppress the effect of dispersion, we use an optical filter to narrow the bandwidth of the optical comb. Meanwhile, the bandwidth of the optical filter is chosen to ensure that the optical comb has the best signal-to-noise ratio at a remote site. We measure the timing difference over 24 h between the local site and remote site.
Introduction
High-Precision time and frequency transfer is very important for many applications, including fundamental physics measurements, precision spectroscopy, gravity potential measurements and precision navigation. [1] - [4] In many of the above applications, it is often necessary to transmit an optical clock or microwave clock frequency signal over hundreds of kilometers. Therefore, high-precision long-distance time-frequency transmission is especially important. Owing to low attenuation, high reliability, and low susceptibility to electromagnetic interference, fiber is the best medium for longdistance time-frequency transfer. [7] In the past, we often used optical fiber to establish a continuous optical connection at a distance with a complex compensation structure for frequency transmission. Common-mode noise was eliminated by measuring the phase delay of the bidirectional transmitted optical signal. In this case, two sites need to maintain an uninterrupted connection. [8] - [21] To date, optical two-way time-frequency transfer (TWTFT) based on two optical frequency combs has been demonstrated. Compared to the convention frequency dissemination method, optical TWTFT measures the differences in elapsed time intervals between two sites. We only need to link two sites at the start and stop times of the time interval. A continuous optical connection is not necessary between these times. [22] During this period, phase compensation at both ends is not required, which makes the measurement more flexible and reduces the interference introduced during measurement. Some groups have researched this form of transfer in free space. Nathan R. Newbury achieved a 1 fs timing deviation, with a residual instability below 1 * 10 -18 at 1,000 s across a 2 km link. [22] J.-D. Deschênes designed a compact free-space terminal that enabled TWTFT over long, highly turbulent links. [23] If the fiber dispersion effect can be overcome, optical TWTFT can also be applied to long-distance fiber-based time comparisons. Compared to time-frequency transfer over free space, transfer over a fiber link is more suitable for long-distance time comparisons.
However, the optical pulse of an optical comb will broaden because of dispersion when the optical comb propagates to a remote site over a long-haul fiber link. Therefore, the pulse width may be wider than the two pulse intervals, causing the pulses to overlap. This pulse overlap, which is essentially noise to other pulses, will reduce the signal-to-noise ratio, and the transfer precision will decrease. To overcome this problem, dispersion compensation fiber (DCF) is used to counteract the dispersion effect of single-mode fiber (SMF). However, the length of the DCF should match the length of the SMF exactly, which is very difficult to achieve. In addition, DCF is expensive. In our experiment, we use an optical filter to reduce the dispersion effect of SMF. The optical filter suppresses pulse broadening by narrowing the bandwidth of the optical comb. In addition, the optical filter does not influence the time offset between the two pulses and transfer precision. Meanwhile, the optical filter reduces the optical power. The narrower the bandwidth, the lower the optical power becomes. Lower optical power will influence the transfer stability. Therefore, it is important to find the best bandwidth of the optical filter to realize time transmission over a long-distance fiber link.
This study realizes time-frequency transfer over a 20-km fiber based on two optical combs. To obtain high-precision transfer, we use an optical filter with appropriate bandwidth to suppress the dispersion of the SMF. And we want to use this method to achieve the time-based compensation in fiber-based optical comb transmission.
Theory

Theory of the Experiment
The basic structure of the time-frequency transfer system is shown in Fig. 1 . The local pulse train can be expressed as [22] 
where T l is the time spacing of the local mode-locked laser, ϕ l is the phase, p is the pulse number, and A l (t) is the pulse envelope. The received pulse train from the remote site can be expressed as
where T s is the time spacing of the remote mode-locked laser, ϕ s is the phase, q is the pulse number, A s (t) is the pulse envelope and T A is the time offset between the received pulse and local pulse. We use linear optical sampling (LOS) [22] , [24] between two combs to obtain the timing difference. The local comb can optically sample the remote signal because of the mismatch of the two combs. The two pulse trains are combined on a coupler and detected by a balance detector to generate a train of interferograms.
The voltage from the detector is
where R(t) is the response function of the detector. The voltage value is digitized with an ADC synchronized to the pulse repetition frequency. Time can be expressed as t = kT l . The time spacing of the interferograms is τ 0 = T t
, t is the difference in the time spacing of the two combs, and f is the difference in the repetition rates of the two combs. Therefore, the repeat frequency is exactly equal to the difference in the repetition rates of the two combs. The n th interferogram occurs when τ = n · τ 0 . The k th pulse in the n th interferogram occurs when n · τ 0 + k · t l . The timing difference between the two pulses will introduce a time offset T A = T A (τ) − T A (0) at the local site between the 0 th and n th interferograms. We need to perform signal processing on the interferogram signal to obtain T A We define t e = k · t, τ = n · τ 0 . The voltage can be expressed as [22] 
We take the Fourier transform of Eq. 4
where v is the Fourier conjugate frequency to t e , and θ(v, τ) is the spectral phase. Therefore, the slope of θ(v, τ) − θ(v, 0) is equal to 2πv T A · T A can also be expressed as [22] 
where T A B is the timing difference between the two sites, and T p ath is the timing difference in the propagation path. In addition,
Thus, the timing difference between the two sites is
The Influence of Dispersion
In the experiment, two optical filters are utilized to reduce the dispersion effect of SMF. When the optical pulse propagates through the fiber, the pulse width is [25] 
where T 0 is the initial pulse width, β is second dispersion coefficient, and z is the propagation distance. C is a constant. When the optical filter is used, C is positive. Compared with the situation where the filter is not used (C = 0), the increasing rate of the pulse width is reduced. However, the optical filter will reduce the power of the optical comb. If the bandwidth of the optical filter is too small, the signal-to-noise ratio will be so low that we cannot obtain the right spectral phase of interferograms. However, if the bandwidth of the optical filter is too large, the dispersion effect of SMF will broaden the pulse, and finally, the pulses will overlap. It will also influence the spectral phase of interferograms. Therefore, it is very important to find an appropriate bandwidth for the optical filter. Here, we use the nonlinear Schrödinger equation to calculate the change in the optical pulse. The nonlinear Schrödinger equation is expressed as
where A is the pulse envelope and α is the attenuation constant. β is the dispersion coefficient. γ is the fiber nonlinear coefficient. The bandwidth of the optical filter should be narrow enough to ensure that the repetition rate can be detected clearly from the return signal. Meanwhile, the optical power after the optical filter should be as large as possible. When the adjacent pulses exactly overlap, the requirement above can be met. The pulse width is 150 fs. The repetition rate is 100 MHz. The intensity of local pulse is normalized to 1, β 2 is −18 ps 2 /km. The local optical pulse train is shown in Fig. 2(a) . The fiber length is 20 km. According to Eq. 10, if the filter is not used, the pulses will broaden. Finally, the adjacent pulses will overlap with each other and the remote pulse will be low and wide, as shown in Fig. 2(b) . From Eq. 10, when an optical filter with a bandwidth of 0.8 nm is used to suppress dispersion, the pulse train of the return signal is shown in Fig. 2(c) . The adjacent pulses exactly overlap which mean T 1 is equal with the interval of pulse train. Therefore, if we choose the bandwidth of the optical filter to be 0.8 nm, the above requirement can be met.
Experimental Details
We designed an experiment to realize time-frequency transfer over a 20-km fiber. The experimental structure is shown in Fig. 1 . The local and remote sites are located in the same laboratory. The average temperature in the laboratory is 23°C, and the temperature fluctuation is around 2°C. We use a 100 MHz radio frequency signal as a reference signal, which is generated by a signal generator (R&S SMB100A). The 20 km single-mode fiber (SMF) is spooled and located in a laboratory environment. The loss of the fiber is 0.18 dB/km. At both the local and remote sites, an optical comb is generated by a mode-locked laser. The center of wavelength is 1550 nm, and the bandwidth is 10 nm. The pulse width is 150 fs. The optical power is 10 dBm. The light is divided into two parts. At the local site, one part is used for time-frequency transfer, while the other is used to phase-lock the repetition rate of the mode-locked laser to the reference signal at 100 MHz via a phase-locked-loop (PLL) circuit. We use a direct digital synthesizer (DDS) to generate a (100 M + 80 k) Hz reference signal because of DDS's high precision. The DDS is controlled by MCU MSP430. The repetition rate of the other mode-locked laser is phase-locked to the signal at (100 M + 80 k) Hz via a PLL in the remote site. To synchronize the repetition rate of the mode-locked laser and the reference signal with low noise, we use an optical-microwave phase detector (OM-PD) [26] . The PLL feeds the output of the OM-PD back to an intracavity piezoelectric transducer (PZT) of each comb. The repetition rates of these two mode-locked lasers differ by 80 KHz. The optical comb is filtered by an optical filter with a center wavelength of 1550 nm and a bandwidth of 0.8 nm. The effect of dispersion can be estimated. As a comparison, two sets of filters were additionally used for the experiment. The first set of filters are Optical Branching Filter (OBF) with bandwidths of 2 nm and 4 nm. The other set of filters are Fiber Bragg Grating (FBG) filters with bandwidths of 0.1 nm and 0.5 nm. Because of the power loss after the optical filter, an erbium-doped fiber amplifier (EDFA) is used to amplify the optical power. Each EDFA can achieve an amplification of about 20 dB. After amplification, the optical power is approximately 6 dBm. After passing through an optical filter, the optical comb propagates over 20-km SMF fiber.
The superposed local and remote signals are detected by a balanced detector at the remote site. The signal detected by the balanced detector can generate a train of interferograms. We can obtain the time difference with these interferograms.
Each interferogram is digitized with 
Results
We use an analogue-to-digital converter (ADC) to record the output voltage of the balanced detector over 24 hours. Then, the data is processed, and the difference in the phase measured at the start and stop of the measurement is shown in Fig. 3(a) . The blue curve shows θ(v, τ) − θ(v, 0). The red curve is obtained from fitting the blue curve. The slope of the blue curve is equal to 0.28788, while the frequency is v = 0.12THz. The time offset at the local site over 24 hours is T A = 0.28788 2πv = 385 fs In the same way, we can obtain the time offset T B at the remote site between the 0 th and n th interferograms. From Eq. 8, we can obtain the timing difference between the two sites over 24 hours. The result is shown in Fig. 3(b) .
We experimented with different filters for testing. When testing with FBG below 1 nm bandwidth, the interferogram is obtained as shown in the Fig. 4(a) . When a 0.1 nm bandwidth filter is used, the interferogram has a low signal-to-noise ratio and it is difficult to perform subsequent data processing. Using a 0.8 nm filter is to obtain stronger signal intensity than when using a 0.5 nm bandwidth filter. When we test with a 2 nm bandwidth OBF and a 4 nm bandwidth OBF, the difference in the phase at the beginning and end of the measurement cannot be fitted to a slash. And the time difference cannot be obtained because of the pulse overlap at the remote site. So experiments show that the 0.8nm bandwidth filter is best for 20km fiber transmission.
Conclusions
In this study, we conduct an experiment on time-frequency transfer over a 20-km fiber link based on two optical combs. An appropriate optical filter is used to ensure that the dispersion effect of the SMF is suppressed. Meanwhile, a large signal-to-noise ratio is maintained. We detected the timing difference over 24 hours between the two sites. To our knowledge, this is the first demonstration of optical time and frequency transfer based on two optical combs over a 20-km fiber link. The transmission distance in this experiment is also greater than current free-space transmission distances. Therefore, our experiment provides a method for long-haul time-frequency transfer based on two optical combs.
With this method, we can achieve 1 fs time deviation between two sites with long distance. We are not only satisfied with achieving high-precision time comparisons, we also want to use this method to take the place of the phase compensation method in fiber-based optical comb transmission in the future. The loss of frequency stability caused by transmission can be calculated by the time difference between of the two sites that we measured with two combs. Further, we will realize frequency compensation for long-distance high-stability RF transmission with this method. Time-based compensation will achieve higher precision and better low frequency characteristics than phase compensation.
